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Neutron scattering measurements are used to elucidate interplay of the field-induced spin gap
and the quantum fluctuations in archetypal heavy electron system CeCu2Ge2. A spin gap of ∆ =
0.56 meV is found to develop near the field-induced quantum critical state at Hc' 8 T, driven by
fluctuations of the long range antiferromagnetic order parameter. The superconducting transition
temperature in many magnetic superconductors is found to exhibit one-to-one correspondence with
the spin gap. In this regard, the demonstration of an interplay of the spin gap with the nanoscopic
dynamic correlation provides new arena to explore direct relation between the quantum critical
behavior and the unconventional superconductivity, especially in heavy electrons systems.
The magnetic quantum critical phenomenon (QCP)
is of strong importance to correlated electrons systems,
as one school of thought believes that occurrence of
magnetic QCP is at the core of the unconventional su-
perconductivity in magnetic superconductors.[1, 2] In-
termetallic rare-earth compounds containing a lattice
of 4f - or 5f - electrons (such as Ce, U, and Yb) are
prototypical systems to study the magnetic quantum
phase transition (QPT)[3, 4], where the competing in-
teraction between the single-ion Kondo effect and the
long range Rudermann-Kittel-Kasuya-Yoshida (RKKY)
exchange interaction leads to a novel quantum critical
ground state at T → 0 K.[5–7] Since the Kondo and
the RKKY interactions reflect local and the long range
antiferromagnetic behaviors, respectively, of a system,
microscopic nature of the critical fluctuations in the
quantum critical state can be dominated by either the
local fluctuations or fluctuation of the antiferromagnetic
order parameter.[8, 9]
The standard model of QPT based on the Hertz-Millis-
Moriya spin-fluctuation theory invokes that a QPT re-
sults from fluctuation of the antiferromagnetic moment
(order parameter) and intensity of the order parameter
diverges at the QPT.[10–12] The dynamic behavior, man-
ifested by the spin fluctuations, is experimentally probed
using an external control parameter such as pressure,
chemical doping or, magnetic field.[13] While synergis-
tic efforts of theoretical and experimental investigations
of the quantum critical phenomenon in candidate mate-
rials have led to a broader understanding of the under-
lying mechanism, there are important open questions,
however, that need to be addressed in order to develop
a universal formulation. One such question is related to
understanding the interplay of the quantum fluctuations
and the spin gap, which often accompanies a quantum
critical state.[14–16] It is not clear if occurrence of the
spin gap is indeed related to the quantum criticality, es-
pecially in some heavy electrons superconductors, such
as CeCoIn5,[17, 18], where the superconducting transi-
tion temperature is found to exhibit one-to-one corre-
spondence with the spin gap. Here I report detailed
experimental investigation of the field-induced quantum
critical behavior and its interplay with the spin gap in
stoichiometric CeCu2Ge2. In a notable observation, it
is found that the spin gap, which is absent at zero field,
gradually develops to its maximum value of ∆ = 0.56(0.1)
meV as applied field is increased to the critical value of
Hc'8 T. Moreover, the quantum critical state, depicted
by the nanoscopic quantum fluctuations, is found to be
well described by the HMM spin fluctuation theory.
The compound CeCu2Ge2 is an unconventional su-
perconductor, T c'0.64 K, under a pressure application
of ' 10 GPa.[19] It belongs to CeX2T 2 group, where
X is a transition metal element and T is Si or Ge.
CeX2T 2 crystallizes in ThCr2Si2-type tetragonal struc-
ture (I4/mmm space group), where the Ce valence spans
the range from a fully trivalent to a strongly mixed valent
as X and T are varied.[20, 21] Recent researches on sin-
gle crystal specimens of CeX2T2 compounds, where X
is a nobel metal, have revealed the presence of an inter-
esting near-universal ground state characteristic of spin-
density wave configuration at low temperature.[22–25] In
the archetypal antiferromagnetic metal CeCu2Ge2, it was
concluded that correlated Ce3+ ions form a long range
spiral spin density wave ground state configuration below
TN ' 4 K.[23, 26] The spiral spin density wave structure,
Figure 1d, is illustrated by the temperature dependent in-
commensurate magnetic positions given by QM = τ±k,
where τ and k are nuclear and modulation vectors, re-
spectively. The periodicity of the amplitude modulation
is given by the modulation vector k = (0.285,0.285,0.54)
with respect to a simple commensurate structure. In or-
der to understand the evolution of the quantum fluctu-
ations as functions of temperature and magnetic field,
detailed neutron scattering measurements are performed
on high quality single crystals, grown by the flux method.
Characterization of the crystals were performed using
X-ray measurements, confirming the high quality of the
crystals. The neutron scattering measurements were per-
formed on one rectangular shape single crystal with a
mass of 1.8 gm on SPINS and MACS cold spectrometers
at the NIST Center for Neutron Research with fixed final
energy of 3.5 meV and cooled Be filter after the sample.
At this fixed final energy, the spectrometers resolution
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FIG. 1: (Color online) Evolution of elastic map as a function
of field and spin structure of correlated Ce ions of CeCu2Ge2.
Elastic maps, measured on MACS at T ' 0.2 K, at differ-
ent fields of (a) H = 0 T, (b) 7 T, and (c) 8 T. Resolution
limited magnetic Bragg peaks, small bright dots at incom-
mensurate wave vectors described by the propagation vector
k = (0.285,0.285,0.54) with respect to a simple commensurate
structure, become weaker as the field is increased and finally
disappear at H ' 8 T. (d) Correlated Ce moments form a
spiral spin density wave configuration in the a-b plane. The
shaded area highlights the spiral plane of rotation perpendic-
ular to the propagation vector k.
(FWHM) were determined to be ' 0.15 and 0.2 meV,
respectively. The horizontal collimations were 32
′
-80
′
-
Sample-80
′
-120
′
. The sample was mounted in a super-
conducting vertical field magnet in the [HHL] scattering
plane with a = b = 4.345 A˚ and c = 10.94 A˚. Perpen-
dicular field application direction was (-110) direction in
this tetragonal system.
A representative contour map of elastic neutron scat-
tering data at T = 0.2 K and H = 0 T, depicting in-
commensurate magnetic peaks related by the modula-
tion vector k = (0.285,0.285,0.54), is shown in Fig. 1a.
The best fit of the experimental data is obtained with
the Ce-spins lying within the basal plane and forming a
spiral spin density wave with spins pointing in the a− b
plane, Fig. 1d. The plane of rotation of the spiral is
perpendicular to k. The static moment associated with
the long range incommensurate magnetic peaks, QM , at
T = 1.5 K was estimated to be MCe ' 1.04(4) µB , sig-
nificantly smaller than that expected for a fully degen-
erate J = 5/2 ground state Ce3+ ion value of 2.15 µB .
The magnitude and direction of the propagation vector
is consistent with theoretically determined wave vector
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FIG. 2: (Color online) Inelastic neutron scattering measure-
ments as a function of field. (a-c) q-scan maps, measured at T
'0.2 K and at the energy transfer of E = 1 meV, at different
fields of H = 7 T (fig. a), 7.5 T (fig. b) and 8 T (fig. c),
respectively. At H = 7 T, the dynamic correlation is mostly
absent. As the field is increased to the critical value, Hc =
8 T, short-range dynamic correlation develops at the mag-
netic wave vector position. Plots are corrected for the aspect
ratio between [110]∗ and [001]∗. (d) Representative scans of
inelastic measurements at the magnetic wave vector, QM , at
different fields and T ' 0.2 K. Solid lines are Lorenztian fits
to the data. The system gradually develops a spin gap as
the applied field is increased. (e) In order to highlight the
interplay between the spin gap and the quantum fluctuation,
estimated value of the spin gap, ∆, as a function of field is
over-plotted to the correlation length, ξ, vs. field plot.
connecting parallel planes of the nested Fermi surface of
CeCu2Ge2.[27] In external magnetic field, applied per-
pendicular to the [HHL] scattering plane, the system ex-
hibits quantum criticality at Hc' 8 T. Detailed measure-
ments are performed as a function of field to understand
the development of the quantum critical state. Repre-
sentative contour maps at various fields at T '0.2 K are
plotted in Figure 1a-c. A gradual disappearance of the
long range AFM order is observed as applied field is in-
creased. The static long range order is replaced by a
short range dynamic correlation, which tends to become
stronger asH →Hc (Fig. 2a-c); suggesting the quantum-
mechanical nature of magnetic instability.[6, 28] The evo-
lution of short-range dynamic correlation is illustrated in
3Figure 2a-c. The contour maps in Figure 2a-c were mea-
sured at different fields at a finite energy transfer of E =
1 meV. At H = 7 T, the system is inside the AFM regime
(see Figure 1b). Hence, no dynamic structure factor is
observed in Figure 2a. As applied field approaches the
critical value, H = 7.5 T, short-range dynamic correla-
tion starts appearing (Figure 2b). The finite size spatial
correlation in Figure 2b becomes broader and more in-
tense as the system crosses into the magnetic instability
regime at H'Hc, Figure 2c.
More information about the development of short-
range dynamic correlation is obtained by performing
quantitative analysis of inelastic measurements. Repre-
sentative inelastic scans at different fields at T = 0.2 K
are plotted in Figure 2d. The background subtracted ex-
perimental data is well fitted with instrument resolution
convoluted Lorentzian line-shape multiplied by the de-
tailed balance factor. It is immediately noticed that the
inelastic spectral line is gapless at H = 0 T. CeCu2Ge2
gradually develops a spin gap, as evident from energy
scans in Figure 2d, and attains an optimum value of ∆ =
0.56(0.1) meV at the critical field. Correlation length of
the short-range dynamic struture, ξ, is estimated within
a finite-size model of the Gaussian linewidth, which fits
the two-dimensional cut across QM in false color map (as
illustrated in Fig. 2a-c). The plot in Figure 2e illustrates
a quantitative interplay between the spin gap, ∆, and
the nanoscopic correlation length, ξ, of the short-range
dynamic structure. As the system approaches QCP, the
short-range dynamic correlation length decreases while
the spin gap increases.
The quantum mechanical nature of the nanoscopic
fluctuation is established by measuring the temporal fluc-
tuation as a function of temperature. The temporal fluc-
tuation is defined by inverse of the line-width of inelastic
spectral line.[29] Incidentally, inelastic measurements as
a function of temperature can also be used to elucidate
the underlying mechanism of the quantum fluctuations,
thus associated quantum phase transition.[30, 31] The
characteristic signature of a quantum phase transition is
manifested by the determination of the critical slowing
down of the temporal fluctuation (or the relaxation rate)
and is reflected in the energy linewidth of the excitation
spectrum.[5, 6] In the HMM formalism, the divergence of
the static susceptibility as T → 0 K is also expected.[30]
Alternatively, if the quantum critical behavior is domi-
nated by the local Kondo interaction, the static suscep-
tibility follows the Curie-Weiss ansatz.[7, 8] In order to
determine the linewidth of the excitation spectrum, de-
tailed measurements were performed as a function of en-
ergy at the magnetic wave-vecor QM = (0.29,0.29,-0.54)
at various temperatures between T = 0.2 K and 40 K.
Figure 3a shows the background corrected representative
scans at QM at few selected temperatures, above and be-
low TN , and at H ' 8 T. Plots in Figure 3a confirm the
qualitative behavior observed in the field dependence of
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FIG. 3: (Color online) Inelastic measurements as a function of
temperature. (a) Representative scans of inelastic measure-
ments at the magnetic wave vector, QM , at different tem-
peratures and H ' 8 T. Solid lines are Lorenztian fits to
the data, as explained in the text. Error bars represent one
standard deviation. (b) Dynamic spin susceptibilities at QM
are extracted from the inelastic neutron scattering data. (c)
Temperature dependence of the static susceptibility at QM
as a function of temperature. The static susceptibility at QM
tends to diverge as T→0 K. (d) Temperature variation of the
relaxation rate, 2Γ(Q,T ) (meV), as a function of temperature
at H = 8 T. Clearly, the long wavelength spin fluctuations
critically slow down at QM as T→0 K.
q-scans in Figure 2, where a strong enhancement in the
antiferromagnetic fluctuations is observed at Hc. At high
temperatures, the spin fluctuations at the AFM wave vec-
tors cross into the thermal regime.
The quantitative determinations of the relaxation rate
and the static susceptibility as a function of temperature
are performed using standard neutron scattering inten-
sity analysis,[32] which can be described by,
S(Q,E, T ) =
1
pi
1
1− e−E/kT χ
′′
(Q,E, T ) (1)
where χ
′′
is the dynamic spin susceptibility. The dy-
namic susceptibility is described by the Fourier transform
of the exponential decay of relaxation rate Γ(Q,T)and is
related to the total and static susceptibilities χ and χ
′
,
respectively, via the Kramers-Kronig relation. χ
′
(Q,T )
was determined by integrating χ”(Q, E, T)/E over the
experimental energy range between 0 and 3 meV, as the
energy spectra of fluctuations in this case are limited
to low energy.[32] Inelastic neutron scattering data in
Fig. 3a are well fitted using the above equations, giv-
ing a single Lorentzian lineshape. The extracted values
of χ
′
(Q,T ) and 2Γ(Q,T ) (full width at half maximum,
4FWHM) at QM are plotted as a function of temperature
in Figure 3c and 3d. In these plots, we see that a continu-
ous increase in the static susceptibility is accompanied by
a continuous decrease in the linewidth at QM as the tem-
perature decreases. The decrease in Γ(Q) becomes faster
as the system passes through the zero-field AFM transi-
tion at ' 4 K and critically slows down as T→0 K. Also
noticeable is the diverging behavior in χ
′
(T ) as the tem-
perature is reduced to 0.2K. Similar measurements and
analysis of inelastic spectra at a non-magnetic wave vec-
tor, Q0 far away from QM , did not exhibit any of these
behaviors. Rather an almost temperature independent
Γ(Q,T ) is observed, which can be used to deduce char-
acteristic temperature of the local Kondo interaction,
T ∗'6.5 K.[30] Parallel presence of the Kondo screening
with a localized antiferromagnetic interaction poses an
important question: are the bulk properties dominated
by the local Kondo screening term or the magnetic wave-
vector dependent fluctuations of the AFM order param-
eter. This argument is further analyzed by performing a
scaling analysis of the dynamic spin susceptibility data
in the form χ
′′
.Tα = f(E/T β).[8, 32] It is argued that
the Curie-Weiss behavior, reflecting the local moment
fluctuations, leads to a linear (E/T ) scaling.[7] On the
other hand, if the spins fluctuations are dominated by
the AFM order parameter then β is 1.5.[11, 22, 33] As
shown in Fig. 4, the scaling plot of dynamic suscepti-
bilities, obtained using equation 1, indeed collapse onto
one curve for the SDW-type scenario: α = 1.5, β = 1.5.
Experimental data in Fig. 4 is fitted using the HMM for-
mulation leading to f(x) = abx/(1+(bx)2). The scaling
of the dynamic susceptibilities using the HMM formula-
tion further corroborates the view that the field-induced
quantum fluctuations in CeCu2Ge2 are primarily of the
long wavelength antiferromagnetic origin.
Detailed experimental investigation of the stoichiomet-
ric compound CeCu2Ge2 has twofold implications: (1)
An important finding is the identification of the fluctua-
tions of the AFM order parameter, well described by the
HMM spin fluctuation theory, as the underlying mecha-
nism behind the quantum critical phenomenon. Recently,
there has been considerable discussion about the applica-
bility of the HMM formulation in explaining the quantum
critical phenomenon.[34, 35] This report sheds new light
in this regard, as the stoichiometric nature of the sys-
tem rules out any effect due to chemical disorder. (2)
Most important finding, perhaps, is the interplay of the
intrinsic spin gap with the quantum phase transition in
applied field. Many heavy electron systems exhibit dual
phenomena of the quantum phase transition and the un-
conventional superconductivity. In some cases, the su-
perconducting transition temperature is found to exhibit
one-to-one correspondence with the spin gap. Strong ev-
idence of the interplay between the spin gap and the
QPT in CeCu2Ge2 provides new arena to directly re-
late QPT to occurrence of the unconventional supercon-
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FIG. 4: (Color online) Scaling plot of the dynamic suscep-
tibility data at various temperatures in CeCu2Ge2. Scaling
of dynamic susceptibilities is best described by HMM spin
fluctuation theory (see text).
ductivity. This observation gains more prominence when
we consider the fact that majority of the unconventional
superocnductors, such as high temperature cuprates or
Fe-based pnictides,[36, 37] have magnetic origin, where
one-to-one correspondence between the spin gap and the
superconducting transition temperature is not so uncom-
mon. CeCu2Ge2 also exhibits unconventional supercon-
ductivity at T c'0.64 K under the pressure application of
'10 GPa. The technical difficulties associated in access-
ing this pressure regime for neutron scattering measure-
ments makes the understanding incomplete. However,
both the spin gap and the QPT are intrinsic properties
of a system. Therefore, future analytical works connect-
ing the pressure induced superconductivity to the field
induced QPT using energetic analysis will be very help-
ful.
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